Physical exercise is a stress that can substantially modulate cellular signaling mechanisms to promote morphological and metabolic adaptations. Skeletal muscle protein and organelle turnover is dependent on two major cellular pathways: Forkhead box class O proteins (FOXO) transcription factors that regulate two main proteolytic systems, the ubiquitinproteasome, and the autophagy-lysosome systems, including mitochondrial autophagy, and the MTORC1 signaling associated with protein translation and autophagy inhibition. In recent years, it has been well documented that both acute and chronic endurance exercise can affect the autophagy pathway. Importantly, substantial efforts have been made to better understand discrepancies in the literature on its modulation during exercise. A single bout of endurance exercise increases autophagic flux when the duration is long enough, and this response is dependent on nutritional status, since autophagic flux markers and mRNA coding for actors involved in mitophagy are more abundant in the fasted state. In contrast, strength and resistance exercises preferentially raise ubiquitin-proteasome system activity and involve several protein synthesis factors, such as the recently characterized DAGK for mechanistic target of rapamycin activation. In this review, we discuss recent progress on the impact of acute and chronic exercise on cell component turnover systems, with particular focus on autophagy, which until now has been relatively overlooked in skeletal muscle. We especially highlight the most recent studies on the factors that can impact its modulation, including the mode of exercise and the nutritional status, and also discuss the current limitations in the literature to encourage further works on this topic. endurance exercise; mitophagy; amino acids; protein turnover; MTOR SKELETAL MUSCLE MASS REPRESENTS roughly 40 -50% of human body weight, making it the largest tissue mass and the major amino acid reservoir (over 60%) in the body (8, 148). Exercise stimulates profound modulations of cellular mechanisms that promote metabolic and morphological adaptations. Whole body protein turnover is about 300 g/day in a 70-kg man (148), and exercise impacts this level, depending on exercise mode, intensity, and duration. A single acute resistance exercise can stimulate protein synthesis between 40 and 150% above rested levels (15). Endurance training is well known to increase mitochondrial function and content, which results in an oxidative phenotype and an improvement of muscle endurance with modest effect on muscle size (10). In contrast, strength and resistance training are closely related to muscle hypertrophy (137). Depending on the training status and the exercise intensity and duration, a single exercise bout may cause alterations in skeletal muscle protein turnover and damage to cell components. Chronic exercise can affect the activity of protein turnover systems by modulating the expression of several protein effectors. Two major signaling pathways are mainly involved in skeletal muscle protein turnover: the Forkhead box class O proteins (FOXO) that constitute a family of transcription factors, notably implicated in the regulation of protein breakdown and mitochondrial turnover (124), and the mechanistic (also known as "mammalian") target of the rapamycin complex 1 (MTORC1) pathway, associated with protein synthesis and hypertrophy (43). Importantly, the autophagy machinery, a critical pathway for cell homeostasis that had long been forgotten in skeletal muscle, has been intensively studied in the past few years. Particular emphasis has been placed on the role played by autophagic defects in disease pathogenesis, its involvement in atrophy, and the possible effects of exercise as a countermeasure (33, 136, 142) . Recently, several data have allowed a better understanding concerning several discrepan-
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Cellular Mechanisms of Skeletal Muscle Protein Turnover and Recent Findings on the Autophagy Pathway FOXO factors, protein breakdown and macroautophagy.
The FOXO transcription factors have multiple functions in skeletal muscle homeostasis (124) . Notably, they regulate the transcription of several components of the two main mechanisms responsible for the breakdown of intracellular proteins and the elimination of dysfunctional organelles, the ubiquitinproteasome, and the autophagy-lysosome pathways (Fig. 1) .
In the ubiquitin-proteasome system, E3 ubiquitin ligases (E3 ligases) select substrates for ubiquitination and targeting for breakdown by the 26S proteasome. FOXO1 and FOXO3 are responsible of the transcription of muscle RING-finger protein-1 (MuRF1) and muscle atrophy F-box (MAFbx)/atrogin-1 (66, 128, 133, 147) -the most studied cytosolic E3 ligases in skeletal muscle to date-as well as the recently discovered mitochondrial E3 ligase Mul1 (82) . MuRF1 promotes the breakdown of the myofibrillar proteins, by targeting myosin heavy-chain protein (MyHC) (22) , myosin light-chain proteins 1 and 2 (MLC1 and MLC2, respectively) (23) , and myosinbinding protein C (MyBP-C) (23) . Notably, during fasting, another RING-finger E3 ligase, tripartite motif-containing protein 32 (Trim32), targets the thin filament components (i.e., troponins, tropomyosin, and actin) and Z-band ␣-actinin, thus promoting their degradation (24) . MAFbx/atrogin-1 represses the transcription and translation of muscle genes throughout the degradation of the myogenic transcription factors MyoD (139) and myogenin (63) , and the eukaryotic initiation factor of translation eIF3f (25, 26, 127) . In addition, other E3 ligases are involved in muscle catabolism, such as the recently identified zinc-finger protein 216 (ZNF216), which is found in skeletal muscle and may also function as an effector of FOXO proteins in muscle atrophy (51) . However, little is known about their specific functions or targets, especially in response to exercise stimulus.
Macroautophagy, also called the autophagy-lysosome pathway, is an important degradation system ensuring cell metabolism and cell component turnover. Deletion of the autophagyspecific gene (Atg) number 7 (Atg7) causes marked accumulation of abnormal mitochondria, sarcomere disorganization, and deleterious alteration in membranous structures, all of which results in atrophy and an age-related loss in force (91) . Importantly, a huge number of recent studies evidenced that autophagic defects were found to play a critical role in several diseases of pathogenesis, including Pompe and Danon diseases (142) . These findings strongly suggest the essential role of autophagy in maintaining muscle integrity. However, excessive autophagy can lead to substantial muscle disorders (129) . For example, a role of autophagy in atrophy has been recently evidenced during LPS-mediated endotoxemia (60, 101).
The autophagic process begins with the capture of substrates into a vesicle called the autophagosome; this vesicle then fuses with a lysosome to form an autophagolysosome (often referred to as the autolysosome) and the sequestered material is degraded by lysosomal hydrolases. The autophagy machinery needs the Atg proteins-several of which are transcriptionally regulated by FOXO3 (87, 161)-for autophagosome biogenesis and maturation and several enzymatic systems. The Unc-51-like kinase (ULK1, also called Atg1 in yeast)/Atg13/ FIP200/Atg101 and Beclin-1/vacuole protein sorting 34 (Vps34, also called PI3K class III) complexes integrate several stress signals and are necessary for autophagy initiation (65, 67, 93, 135) . These proteins operate with other Atgs to promote the initial assembly of the autophagosomal membrane. Importantly, the molecular events by which ULK1 regulates autophagy in mammals remained relatively speculative until the recent discovery by Russell et al. (116) , who identified Beclin-1 as a substrate of ULK1 following amino acid withdrawal. Beclin-1 phosphorylation by ULK1 at Ser-14 is necessary for Vps34 activation and full autophagic induction (116) . Two other complexes are crucial for the formation of autophagosome membrane, the Atg12/Atg5/Atg16 complex (98, 99, 113) and the conjugation system of the microtubuleassociated protein 1 light chain 3 (LC3, initially named Atg8 in yeast) (64) , as well as its homologs GABAA receptor-associated protein (GABARAP) and Golgi-associated ATPase enhancer (GATE-16). Pro-LC3 is first cleaved by the cysteine protease Atg4 to its mature form, LC3I. The latter is subsequently conjugated to the lipid phosphatidylethanolamine (PE) of the forming autophagosomal membrane by Atg7 and Atg3, the PE-LC3-I conjugate referred to as LC3-II. This event is crucial for membrane fusion and substrate selection for degradation (105) . The autophagy adapter p62/SQSTM1 (sequestosome 1), which contains multiple protein-protein interaction domains, interacts with LC3 (11), allowing the entry of ubiquitinated cargo into the autophagosome (108) . In a final step, the autophagosome fuses with the lysosome, and the lysosomeassociated membrane protein 2a (LAMP2a), a glycoprotein, takes on a critical role in this event (56) .
Autophagy was long considered to be a nonselective degradation system, but it is now widely acknowledged that autophagy promotes the degradation of specific cell components. The selective autophagic elimination of defective mitochondria is called mitophagy. Mitochondrial life cycle includes the biogenesis, the maintenance, and also the clearance of damaged or inefficient mitochondria. Fission and selective fusion events govern mitochondrial segregation, as well as elimination by autophagy, and an increase in mitochondrial fission has been showed to be permissive for induction of mitophagy (141) . An accumulation of reactive oxygen species (ROS) and the dissipation of the mitochondrial membrane potential may lead to raised ubiquitination of mitochondrial proteins, driving , which are E3 ligases involved notably in the degradation of the eukaryotic initiation factor 3f (eIF3f), MyoD, and myogenin for the first one, and several sarcomeric proteins for the second one. TRIM32 is another RING-finger E3 ligase that targets the thin filament components. FOXO proteins also increase the transcription of the mitochondrial E3 ligase Mul1, leading to the ubiquitination and degradation of Mfn2 and mitophagy during skeletal muscle atrophy. Mul1 has also been reported to stabilize the mitochondrial fission protein DRP1, in vitro, resulting in mitochondrial fragmentation. Mitochondrial depolarization stabilizes PINK1, permitting the recruitment of the E3 ligase Parkin to damaged mitochondria for mitophagy. FOXO proteins control the transcription of several Atgs that have critical roles in autophagosome biogenesis, including LC3. The autophagy adapter p62/SQSTM1 binds directly to LC3 to facilitate sequestration of ubiquitinated protein aggregates by autophagosomes. BNIP3 is also involved in mitophagy by binding to LC3 and recruiting the autophagosome to damaged mitochondria. Among Atgs, ULK1 is involved in autophagy initiation and can be phosphorylated by the mechanistic target of rapamycin (MTOR), leading to its inhibition, and by AMPK, leading to its activation. LAMP2a is a glycoprotein that plays a critical role in autolysosome formation. mitochondrial fission and mitophagy (111, 159) . The mitophagy process involves mechanisms requiring two Parkinson's disease factors, the mitochondrial kinase PINK1 (PTENinduced putative kinase protein 1, PTEN being a phosphatase, and tensin homolog) and the RING-between-RING E3 ligase Parkin (92, 146) . Although little is known about the molecular basis for these interactions, especially in skeletal muscle, a recent study showed that PINK1 is activated by mitochondrial membrane potential depolarization, and it stimulates Parkin activity through phosphorylation of its ubiquitin-like domain (Ubl) (75) . Another ubiquitin ligase involved in mitophagy is the mitochondrial E3 ligase Mul1 presented above, which has been associated with skeletal muscle atrophy in response to muscle-wasting stimuli (82) . Upregulation of Mul1 results in ubiquitination and degradation of the mitochondrial fusion protein Mfn2 and exacerbated mitochondrial fission, leading to mitochondrial elimination in skeletal muscle (82) . Mul1 has also been reported to stabilize the dynamin-related protein 1 (DRP1) in vitro, resulting in mitochondrial fragmentation (14) . Lastly, the BCL2 (B-cell lymphoma 2)/adenovirus E1B 19-kDa interacting protein-3 proteins (BNIP3 and BNIP3L) are also involved in mitophagy process by binding to LC3 and recruiting the autophagosome to damaged mitochondria (106) .
Among the accurate methods to measure autophagic activity, the so-called "autophagic flux assay" based on LC3 protein turnover is one key measure that should be performed when possible (74) . Inhibitors of autophagic activity, such as bafilomycin A1, NH4Cl, and chloroquine, which prevent the fusion between autophagosomes and lysosomes or inhibit lysosomal proteases, are commonly used to assess autophagic flux. This removes the problem of incorrect interpretation of LC3 data: an increase in LC3B-II levels alone could also mean a block in the latter stages of autophagy, while a reduction in LC3B-II could also mean enhanced autophagy with increased in lysosomal degradation. In addition to LC3, the degradation of p62 or another receptor, such as NBR1, may be used to study autophagic degradation (74), since they are incorporated into the completed autophagosome and are degraded by the lysosomes. Thus, p62 accumulates when autophagy is inhibited, and decreases when autophagy is induced. However, an increase in p62 mRNA levels can occur in certain conditions, for example when exercise is performed during fasting (61) . Increased p62 mRNA content can potentially lead to an increase in the translation of new p62 proteins, and in this case, a significant decrease in p62 protein level is not necessarily observed, while an increase in autophagic flux can still take place. Thus, interpretation of autophagy only based on p62 protein level is not a strong approach.
Collectively, these recent studies highlight that FOXO transcription factors are central regulators of protein breakdown and autophagy pathway. Importantly, the recent data on the signaling pathways that regulate skeletal muscle macroautophagy have provided much greater insight into this process in muscle tissue. Although the understanding of cellular mechanisms regulating mitophagy is emerging, further studies in autophagy and organelle turnover have to be encouraged.
Mechanistic target of rapamycin pathway, protein translation and ULK1 complex. The IGF-1/Akt/MTORC1 axis is the main signaling pathway for protein synthesis in skeletal muscle (Fig. 2) . Upon growth factor stimulation, the insulin-like growth factor 1 (IGF-1) receptor is phosphorylated and recruits the insulin receptor substrate 1 (IRS1), leading to the activation of the lipid kinase PI3K (phosphoinositide 3-kinase). PI3K promotes the transfer of a phosphate group to the membranebound phosphatidyl inositol diphosphate (PIP2), thus generating phosphatidyl inositol triphosphate (PIP3), which recruits two additional kinases: Akt [also called protein kinase B (PKB)] and the phosphoinositide-dependent kinase-1 (PDK1) (1, 134) . Akt is then activated by phosphorylation at Thr-308 by PDK1 (1), and it inactivates tuberous sclerosis complex 1/2 (TSC1/2) by phosphorylation at Thr-1462, promoting the mechanistic target of rapamycin (MTOR) activation by Rheb-GTP (21, 37, 57) . MTORC1, which is composed of MTOR, the regulatory associated protein of MTOR (RPTOR), a prolinerich Akt substrate of 40 kDa (PRAS40), a DEP domaincontaining MTOR-interacting protein (DEPTOR), and MTORassociated protein LST8 homolog (mLST8/G␤L) (68, 69, 80, 143) , binds to the eukaryotic initiation factor 3f (eIF3f), a scaffold protein that allows MTOR to phosphorylate the ribosomal protein p70S6 kinase 1 (S6K1) at Thr-389 (52). S6K1 phosphorylates several substrates involved in the regulation of protein translation, including the ribosomal protein S6 at Ser-235, Ser-236, Ser-240, Ser-244, the eukaryotic translation initiation factor 4B (eIF4B) at Ser-422, and the eukaryotic elongation factor 2 (eEF2) kinase at Ser-366 (52, 118) . S6K1 is also phosphorylated by PDK1 at Thr-229, which is required for its full activation (110) . In addition to S6K1, MTOR also regulates the eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) by phosphorylation at Thr-37 and Thr-46, inducing its dissociation from eIF4E to promote the assembly of the preinitiation complex and the recruitment of the translation initiation factor eIF4G to the 5= end of mRNAs (47, 48, 160) . It is of note that MTORC2, which is composed of MTOR, the rapamycin-insensitive companion of MTOR (RIC-TOR), mLST8/G␤L, DEPTOR, and the mammalian stressactivated protein kinase interacting protein 1 (mSIN1) (34, 80, 130) , phosphorylates Akt at Ser-473 (131), facilitating PDK1-mediated Akt phosphorylation at Thr-308, thereby resulting in a further activation of the MTORC1 pathway (131) .
The MTORC1 complex is sensitive to nutrient availability and growth factors, and it regulates several cellular processes, including cell growth, proliferation, motility, survival, protein synthesis, and ribosomal biogenesis. In addition to its fundamental role in protein translation, MTOR is now presented as the dominant regulator of autophagy in skeletal muscle, since MTOR/RPTOR negatively regulates autophagy initiation through physical association with ULK1 complex (20) . More precisely, MTOR phosphorylates ULK1 at Ser-757, preventing ULK1 activation and autophagy initiation (71) . Importantly, MTOR dissociation from ULK1 seems also necessary to induce Beclin-1 phosphorylation by ULK1 and Vps34 activation following amino acid withdrawal (116) .
Thus, MTOR, which is known to be a major factor in protein translation, is now assumed to be a key regulator of both protein synthesis and the autophagy pathway through ULK1 complex regulation in skeletal muscle. Further work is required to determine whether MTOR is involved in the regulation of other components than the ULK1 complex in the autophagic machinery.
AMPK regulates both protein synthesis and breakdown pathways. AMPK is a master actor in skeletal muscle homeostasis (125) that is activated by various energy stress conditions, including nutrient deprivation (122) and vigorous exer-cise (153) . AMPK is phosphorylated by several enzymes (i.e., LKB1, CaMKK␤, TAK-1) when the ratio AMP/ATP is increased under conditions of energy deficit (125) . In response to exercise, AMPK activation depends on the training status, since training attenuates exercise-induced increases in skeletal muscle free AMP:ATP ratio (94) . When activated, AMPK promotes metabolic changes to preserve bioenergetic state by increasing glycolysis flux (88) and fatty acid oxidation (96, 144, 150, 151) , and by inhibiting glycogenogenesis (3, 18) and fatty acid and cholesterol synthesis (17, 19, 38) . In addition, AMPK has been recently showed as a critical regulator of skeletal muscle protein turnover (125) . AMPK reduces both the initiation and the elongation of ribosomal peptide synthesis through the inhibition of the MTORC1 pathway in both in vitro and in vivo models (13, 109) . AMPK inhibits the MTORC1 pathway through two ways, the phosphorylation of RPTOR at Fig. 2 . Signaling pathways involved in MTOR regulation and protein synthesis. Upon IGF-1 axis activation, the IGF-1 receptor is phosphorylated and recruits IRS1, leading to the activation of the lipid kinase PI3K. PI3K phosphorylates the membrane-bound phospholipid PIP2 to generate PIP3, which recruits Akt and PDK1. Akt is activated by phosphorylation at Thr-308 by PDK1. Akt then phosphorylates and inactivates TSC1/TSC2 complex, a Rheb inhibitor. MTOR is, thus, activated by Rheb, binds to the scaffold protein eIF3f and modulates protein synthesis by phosphorylating S6K1 and 4E-BP1. S6K1-mediated regulation of translation occurs, in part, through phosphorylation of rpS6, eIF4B and eEF2k. Phosphorylation of 4E-BP1 by MTOR promotes its dissociation from eIF4E and allows the assembly of the preinitiation complex. MTOR in association with rictor (MTORC2) phosphorylates and fully activates Akt on Ser-473. In response to mechanical stimuli, MTOR is also activated by branched-chain amino acids, Vps34, and by phosphatidic acid (PA). PA can be synthesized by both PLD and DAG. Amino acids are involved in the recruitment of MTOR to the lysosomal surface, where MTOR can be activated by Rheb. MTOR inhibits autophagy through ULK1 complex, whereas AMPK positively regulates this complex. ER stress can lead to protein translation inhibition through phosphorylation of eIF2␣.
Ser-722 and Ser-792 (46) and the phosphorylation of TSC2 at Thr-1227 and Ser-1345 (57) . MTORC1 inhibition by AMPK contributes to ULK1 activation under conditions of energy stress (77) . AMPK also interacts with and phosphorylates ULK1 at several residues (Ser-317, Ser-555, Ser-467, Ser-637, Ser-777) to induce its activation and autophagy initiation, notably in muscle cells (30, 31, 71, 77, 81, 126) . Interestingly, ULK1 can phosphorylate, in turn, the three AMPK subunits during starvation in HEK-293 cells, constituting a negative feedback loop (81) . However, the latter event remains to be clarified in skeletal muscle, particularly according to the context of autophagy activation. Importantly, in cellulo studies revealed that withdrawal of amino acids activates autophagy, in part, through an increase in cellular Ca 2ϩ that leads to the activation of the CaMKK␤-AMPK pathway (39) . In this model, MTOR is inhibited in a Ca 2ϩ -sensitive manner, and ULK1 is phosphorylated at Ser-555 by AMPK, both events taking part in autophagy initiation. AMPK also promotes the transcription of several Atgs by the activation of FOXO3 in skeletal muscle (126) . By increasing FOXO3 activity, AMPK is also involved in the degradation of myofibrillar components through the induction of the E3 ligases MAFbx/atrogin-1 and MuRF1 (104) .
In summary, AMPK has been recently identified as a new important player in skeletal muscle autophagy. Despite these recent discoveries, AMPK involvement in specific forms of autophagy, for example, mitophagy, is currently poorly studied and solely suggested in skeletal muscle.
Exercise and MTOR Signaling
Both protein synthesis and degradation rates are decreased during muscle contractions, and the effect differs among muscle fiber types (16) . For example, protein synthesis can be decreased by 88% in gastrocnemius (white) fibers, 53% in tibialis anterior, whereas it is not changed in soleus muscle in response to the same exercise (15, 16) . The Akt/MTOR pathway is a critical regulator of cell size in skeletal muscle under conditions of increased external loading. Although a single bout of high-frequency electrical stimulation or sprint exercise induces a transient increase in Akt (Thr-308/Ser-473) and MTOR (Ser-2448) phosphorylation during the recovery period (32, 102) , no change is usually observed after endurance exercise for Akt, whatever the intensity or species (mice/rats) (4, 102) . These findings indicate that Akt may be more involved in response to strength, resistance, or sprint exercise than endurance exercise. Nonetheless, the MTOR axis is altered in response to endurance exercise. Although protein synthesis markers are globally decreased during high-intensity exercise, increases in MTOR, 4E-BP1 phosphorylation, S6K1, eEF2, and S6 phosphorylation are generally reported in mice and human subjects during the recovery from moderate or exhaustive endurance exercise (89, 90, 107) . This suggests that endurance exercise modulates protein synthesis, and signals other than Akt may converge on MTOR after this type of exercise. Protein synthesis also decreases during resistance exercise, in part, due to AMPK activation, but it increases from ϳ1 h postexercise, and AMPK activity becomes less pronounced from 2 h (28). A recent study investigated the influence of AMPK vs. MTORC1 signaling on converting differentiated exercise into training-specific adaptations in trained subjects and found that MTORC1 pathway appeared to be preferentially enhanced after strength or resistance exercise, whereas AMPK pathway was less specific for differentiated exercise (145) .
The implication of the protein synthesis pathway has been more intensively studied in loading models than during endurance exercise. Several factors have been suggested to regulate MTOR activity, and the translational machinery in response to mechanical stimuli, such as the PI3K/Akt axis activated via the release of growth factors (55, 149) , exogenous nutrients (53), intracellular Ca 2ϩ (54) , and the extracellular signal-regulated kinases (ERK) (29, 97) . However, none of them appear to be essential for exercise-induced muscle growth (53) (54) (55) 158) . Moreover, a study of mice with muscles expressing a dominant-negative IGF-I receptor demonstrated that an increased mechanical load induced muscle hypertrophy by activating Akt and S6K1 independently of the IGF-1 receptor (132) . One explanation may be that mechanical stimuli activate phospholipase D (PLD) and the lipid second messenger phosphatidic acid (PA), resulting in enhanced binding of PA to the FKBP12-rapamycin binding (FRB) domain on MTOR and the subsequent activation of MTOR (54, 158) . However, changes in PLD activity are not required for PA accumulation and MTORC1 activation (157) , and diacylglycerol (DAG) and the activity of the DAG kinases (DGKs) have recently been implicated in PA accumulation in response to mechanical stimulation (157) . The zeta isoform of DGK (DGK), which is responsible of the biosynthesis of PA through DAG phosphorylation, is currently assumed to play the major role in mechanically induced increases in PA concentration and MTOR signaling (157) . Furthermore, a plethora of studies has been conducted to identify anabolically active nutrients for skeletal muscle. For example, experiments in which amino acids are infused highlight the crucial role of essential amino acids (EAAs) as the principal mediators for stimulation of muscle protein synthesis (2, 6, 7, 103, 140) . In response to exercise, the increase in the rate of protein synthesis can be improved by branched-chain amino acids (BCAAs), particularly leucine absorption (12) . It is noteworthy that protein intake immediately after exercise permits more anabolic effects than when ingested at some later time (9) . Mechanistically, BCAAs induce the phosphorylation of MTOR and S6K1 in human muscle during recovery, suggesting that amino acids regulate MTOR activity (12) . Recent work has demonstrated that amino acids promote MTORC1 activation at the lysosome via a cascade involving RAG GTPases, the Ragulator complex, and vacuolar H ϩ -ATPase (v-ATPase) (123) . According to this model, amino acids localize MTORC1 through RAG proteins to the lysosome, where its activator Rheb, which is present at the lysosome surface, interacts with and activates MTOR (123) .
Furthermore, a recently discovered truncated splice variant of PGC-1␣, the PGC-1␣4 isoform, has also been proposed as a candidate for investigating muscle adaptation to exercise and protein synthesis modulation. While PGC-1␣1 promotes mitochondrial biogenesis and the expression of several genes encoding the OXPHOS (oxidative phosphorylation) machinery in response to endurance exercise (5, 44, 154) , myotubes or muscles expressing PGC-1␣4 isoform show robust hypertrophy in mice and humans (115) . In vivo PGC-1␣4 expression results in increased S6K1 and S6 phosphorylation levels, suggesting a rise in MTOR pathway activity (115) . PGC-1␣4 also induces several members of the IGF-binding protein family and represses the transcript level of myostatin (115), a strong negative regulator of skeletal muscle growth (95) . However, the expression of PGC-1␣ variants has been assessed in response to both acute and chronic exercise in parallel to measurements of muscle size and strength, and the authors reported no link between PGC-1␣4 and these parameters in humans (83) . In agreement, resistance exercise does not specifically induce the truncated forms of PGC-1␣ (i.e., PGC-1␣4 and NT-PGC-1␣), since they increase with both endurance and resistance exercise (155) . Thus, even if PGC-1␣4 appears not specifically related to skeletal muscle adaptation to resistance exercise, its expression during cancer cachexia shows strong resistance to atrophy (115), thereby PGC-1␣4 modulation offers important perspectives in the fight against muscle disease.
In summary, although the MTOR pathway is inhibited during endurance exercise, especially for high-exercise intensity and duration, the modulation of protein synthesis markers is more pronounced during the recovery period of strength and resistance exercises. Mechanistically, the regulators of MTOR activity in response to overload training are numerous, but the recent data on DGK suggest promising new perspectives for investigating the signaling pathways that regulate muscle growth in response to training.
Exercise and Skeletal Muscle Autophagy
Exercise and autophagic-deficient mice. The first study that observed autophagic vacuoles during exercise dates back to 1984 (121) . By using electron microscopy, the authors observed autophagosome formation after exhaustive exercise more prominently in oxidative fibers rich in mitochondria than in glycolytic fibers. Nevertheless, until recently, the role of the autophagy-lysosome system in skeletal muscle has been widely neglected. Yet recent data in mice bearing muscle-specific suppression of the autophagy system have highlighted 1) its importance in regulating skeletal muscle mass, 2) its importance in adaptation to exercise stimuli, and 3) its protective function, as the animals developed severe muscle weakness, atrophy, and decreased muscle contractility. The first illustration is the study by Grumati et al. (45) , which demonstrated that training exacerbates the dystrophic phenotype of collagen VI-null mice, which present impaired autophagy. These mice showed an accumulation of defective mitochondria, as well as significant degeneration and exacerbated apoptosis in muscle, supporting the importance of autophagy in muscle adaptation to endurance training. At the same time, He et al. (50) generated mice with mutations in BCL2 phosphorylation sites, thus preventing stimuli-induced disruption of the BCL2-Beclin-1 complex and autophagy activation. These mice presented decreased endurance performance and altered glucose metabolism, including a decrease in the sarcolemma relocalization of GLUT4 (glucose transporter type 4) during acute exercise, which strongly indicated that autophagy is essential for regulating the metabolic effects associated with exercise in skeletal muscle (50) . The authors also demonstrated that autophagiadeficient mice lose the benefits of chronic exercise-mediated protection against high-fat diet-induced glucose intolerance. Indeed, training in these mice failed to decrease the high-fat diet-induced elevation in cholesterol, serum triglycerides, and leptin, an adipokine that plays a role in regulating energy intake and expenditure, including hunger (50) .
In summary, the autophagy pathway appears to be essential for muscle cell homeostasis. Moreover, autophagy mediates several metabolic effects related to exercise and appears to be a critical factor for endurance performance since its ablation leads to impaired metabolic properties and drastic decreases in performance.
Autophagic response to acute endurance exercise and the importance of dietary factors. The autophagy machinery in response to exercise was first explored in humans during ultra-endurance exercise, which is known to be associated with damaged proteins and organelles, exacerbated oxidative stress and the accumulation of misfolded proteins (70, 117) . Several autophagic markers, including LC3B, Atg4b, Atg12, BNIP3, and cathepsin L mRNA, were upregulated immediately after a 24-h ultra-endurance exercise (58) , as were the protein levels of some of these markers (i.e., LC3B-II and Atg12) (59) . Also, the MuRF1 protein level, but not MAFbx, increased in coordination with a rise in AMPK phosphorylation and a decrease in FOXO3 phosphorylation (Thr-32); notably, proteasome ␤2 subunit and cathepsin L activities increased in response to the exercise. These data support the involvement of the AMPK-FOXO3 axis in muscle catabolism and reveal that the activity of both the proteasome and lysosome are increased in response to such prolonged exercise (59) . It can be speculated that the rise in these catabolic activities makes amino acids available as an alternative energy substrate during this type of effort, since a small amount of energy can be derived from oxidation of amino acids during endurance exercise (40, 112) . Moreover, autophagia-induced amino acid availability would permit the protein translation of several genes induced during exercise. Indeed, even though global protein synthesis is greatly decreased during exercise, muscle cells cannot afford to completely stop protein synthesis. The removal or recycling of damaged cell constituents is also vital for the maintenance of skeletal muscle homeostasis during exercise. In addition, mechanical stimuli induce changes in gene expression that affect metabolism and promote adaptations in muscle function and muscle mass (138) . This increased catabolic state might also induce cell adaptation to the exercise, such as the initiation of the first step in mitochondrial remodeling.
Regarding the more common exercise durations, we examined the modulation of protein turnover markers at several time points of a progressive endurance exercise and observed that the autophagy initiator ULK1 was quickly phosphorylated on AMPK phosphorylation residues (Ser-317 and Ser-555) in oxidative muscles. This alteration was followed by a decrease in MTOR-mediated phosphorylation of ULK1, suggesting autophagy initiation during low-intensity exercise (107) . However, sedentary mice were used in this study, which might explain the rapid activation of AMPK and the subsequent alterations in ULK1 phosphorylation during the exercise. Supporting this hypothesis, several important regulators of autophagy, including AMPK in muscle cells (126) , present activities that can be finely modulated by training status (94) . With regard to autophagic flux index, an increase in LC3B-II and a decrease in p62 expression were found from 120 min of exercise to time to exhaustion (107) , consistent with an increase in autophagic activity in response to a common endurance exercise. Importantly, Saleem et al. (120) found no increase in several autophagic markers (i.e., LC3B-II, p62, Beclin-1, and Atg7) with an exercise duration of about 90 min, even though the intensity (physiologically equivalent to running at ϳ75% of V O 2max ) was more elevated than for the latter study. Consistent with this, Kim et al. (73) also failed to observe an alteration in LC3B-II protein level in mice immediately after 50 min of moderate treadmill exercise (at a speed of 12.3 m/min Ϫ1 with a slope of 5°). In the same study, the authors found that several autophagic markers (i.e., Beclin-1, LC3B-II, Atg7, and LAMP2a) declined during the recovery period (3, 6 , and 12 h postexercise), indicating that the autophagy-lysosome machinery quickly decreases during the recovery period of a moderate-intensity exercise. Taken together, the aforementioned studies strongly suggest that exercise duration is an important factor for elevating skeletal muscle autophagy. It can be speculated that during endurance exercise, AMPK activation and/or MTORC1 signaling pathway inhibition modulates FOXO3a activity and the ULK1 axis to mobilize protein degradation as an internal energy source for alternative nutrient production and energy substrates when exercise intensity/duration becomes high. In addition, the autophagy system is required for the maintenance of cellular functions and the appropriate response to multiple types of stress. Thus, during prolonged exercise, the autophagy-lysosome pathway may function as a compensatory mechanism to prevent cellular function loss caused by constraints linked to metabolic stress.
An important point to bear in mind is that the mechanisms that regulate protein turnover and autophagy are responsive to feeding. Increasing amino acids immediately after exercise through an exogenous source results in attenuation of exerciseinduced protein breakdown and a concomitant increase in protein synthesis (15) . However, no specific study is currently available concerning the effect of such a strategy on lysosomal proteolysis. Nevertheless, from a mechanistic viewpoint, Jamart et al. (61) recently found that exercise performed in the fasted state shows a higher increase in LC3B-II level compared with the fed state, suggesting a greater autophagic flux when exercise is performed during fasting. The authors also observed modulation of several autophagy markers, including an increase in GABARAPL1 lipidation and cATG12 protein level, as well as a rise in the levels of mRNA encoding for p62, LC3B, and GABARAPL1. These results are arguments in favor of a higher involvement of the autophagic machinery when exercise is performed in the fasted state (61) . Importantly, exercise conducted in the fasted state promotes the expression of the mitophagic markers BNIP3 and Parkin, even for 90 min of low-intensity exercise, in contrast to what is observed in the fed state (61) , suggesting that mitophagy machinery is activated more quickly in the fasted state. Moreover, in this condition, the inhibition of MTOR seems to play a more prominent role than AMPK in autophagy induction (61) . Since MTOR and autophagy are responsive to amino acid availability, furthers studies are needed to also evaluate the impact of essential amino acids supplementation on the timing and extent of autophagy activation during exercise.
In summary, it is becoming apparent that the autophagy machinery is induced by endurance exercise (Fig. 3) , probably in an exercise duration-dependent manner. However, the lack of training background in the animals used in these studies could explain the quick induction of autophagy that was observed. The impact of training in acute autophagic response needs to be further addressed. In addition, exercise studies need to always be put in the context of diet since feeding pattern impacts the timing and extent of activation of autophagy.
Autophagic response to acute resistance exercise. The involvement of the autophagy-lysosome pathway during strength and resistance exercise has been less well defined to date. However, the study conducted in humans by Fry et al. (36) showed that two autophagic markers, the conversion of LC3B-I to LC3B-II and the GABARAP mRNA level, are depressed in young and older adult skeletal muscle following an acute bout of resistance exercise (36) , suggesting a decrease in autophagy. Interestingly, the study by Glyn and coworkers did not show modulation of LC3B-II protein content 1 h after resistance exercise, but LC3B-II levels can be downregulated following essential amino acids plus carbohydrate (CHO) ingestion, suggesting that autophagy pathway may play a role in the regulation of protein breakdown in response to nutrients (41) . Muscle protein breakdown following resistance exercise seems to be more the consequence of an increase in the activity of the ubiquitin-proteasome pathway than the autophagy-lysosome system, since the E3 ligases MAFbx and MuRF1 are strongly upregulated in contrast to the above-mentioned autophagic markers (36) . The only autophagic marker shown to be increased in response to resistance exercise (3 h postexercise and longer) to date is the class III PI3K Vps34 (85, 86) , but its role in autophagy after such an exercise has not been confirmed. Vps34, being stimulated by essential amino acids, such as leucine (86), also regulates MTOR activity through PLD (156) , and this induction in response to resistance exercise should be more related to protein synthesis than autophagy.
To summarize, few works have shown a depression of autophagy in response to acute resistance exercise, and autophagy can be modulated by nutritional intervention (i.e., amino acid and carbohydrate supplementation) during the recovery period of such an exercise. To date, autophagy activation appears nonessential for muscle adaptations to resistance exercise compared with endurance exercise (Fig. 3) .
Exercise, autophagy, and organelle turnover. Although autophagy was initially considered as a nonselective bulk degradation process, it is now known to target protein aggregates and organelles, such as mitochondria. Endurance exercise requiring high-energy production levels is likely to induce ROS production and metabolic disturbances that potentially damage the mitochondria, especially when the intensity becomes severe (27, 42, 78, 119) . The mitophagy pathway might be involved in the removal and recycling of dysfunctional mitochondria during exercise and, thus, limit cellular alterations and optimize cell functions. In support of this hypothesis, it has been suggested that exercise tips the mitochondrial fusion/ fission balance in favor of fission, thereby probably leading to mitophagy (59, 61, 107) . These studies highlight that exercise quickly raises the phosphorylation of the mitochondrial fission protein DRP1 (Ser-616), a key actor of mitochondrial and peroxisomal division, without any change in mitochondrial fusion markers. Characterizing the mitophagic process in vivo is a challenge. To date, mitophagy has been studied only with several mRNA or protein markers like BNIP3, Parkin/PINK1, and Mul1, none of which is sufficient to clearly determine whether or not this process operates during exercise. Thus, further studies are needed to clarify the involvement of mitophagy not only during exercise, but also the clearance of other important organelles, such as the endoplasmic reticulum (reticulophagy) or ribosomes (ribophagy).
Recently, endoplasmic reticulum stress (ER stress) has been observed through an increase in the expression of the ER stress-induced transcription factor C/EBP homologous protein (CHOP), the double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK), and the X-box binding protein 1 (XBP1s), in response to both ultraendurance (70) and moderate-intensity exercise (61) . A consequence of ER stress is the phosphorylation at Ser-51 of the regulatory ␣-subunit of the eukaryotic initiation factor 2 (eIF2) by PERK (49) . Accordingly, eIF2 Ser-51 phosphorylation increases during moderate-and high-intensity exercise (61, 107) . eIF2 is a heterotrimeric complex that mediates the binding of tRNAmet to the ribosome in a GTP-dependent manner. The phosphorylation of the ␣-subunit of eIF2 at Ser-51 1) results in the stabilization of the eIF2-GDP-eIF2B complex that inhibits the turnover of eIF2B (36) , 2) promotes Atg5 and LC3B transcription through ATF4 and CHOP (114) , and 3) leads to LC3B protein lipidation (76) , illustrating that eIF2 phosphorylation both attenuates protein synthesis and promotes autophagy. However, the turnover process of endoplasmic reticulum itself remains to be explored, especially in the context of exercise.
Concerning ribosomes, the pathways of normal and damaged ribosome turnover, especially rRNA decay, have been little explored in skeletal muscle. They warrant further investigation, however, because ribophagy, like mitophagy, may have a quality control function by specifically eliminating incorrectly assembled, nonfunctional, and damaged ribosomes. For example, the impact of chronic exercise on the efficiency of the translational machinery merits exploration, particularly in the context of aging, which is notably characterized by an impairment of contraction-induced skeletal muscle protein synthesis (35) . It would also be very helpful to study the impact of exercise according to the fiber typology, as autophagy occurs differently depending on typology (oxidative vs. glycolytic muscle). A recent study (100) showed that Atgs are differently expressed depending on the muscle typology. ULK1, Atg5, and Atg12 are more abundantly expressed in the glycolytic tibialis anterior, extensor digitorum longus, and gastrocnemius plantaris compared with the diaphragm and soleus, whereas the Beclin-1 complex, LC3B, GABARAPL1, BNIP3, and Parkin show a reverse pattern. Interestingly, the latter proteins are required for mitophagy, suggesting greater mitochondrial turnover for oxidative compared with glycolytic fibers.
In summary, the mechanisms of organelle clearance during exercise remain elusive and overly descriptive. Although several studies have indicated that exercise may promote mitochondrial and endoplasmic reticulum stress, the issue of their Fig. 3 . Exercise and autophagy in skeletal muscle. While a single boot of endurance exercise promotes autophagy in both glycolytic and oxidative muscles, acute resistance exercise can lead to a decrease in autophagy, especially following essential amino acids (EAA) ϩ carbohydrate (CHO) ingestion. However, both endurance and resistance training can lead to an increase in basal autophagy, especially in glycolytic muscles (if the adaptive changes aimed at the generation of oxidative phenotype are still ongoing) for endurance training and during aging for resistance training. When performed in the fasted state, endurance exercise induces a higher activation of autophagy. Both acute endurance and resistance exercise can lead to a decrease in protein synthesis during the exercise and induce a rise in protein synthesis during the recovery period. Protein synthesis can be enhanced by branched-chain amino acids (BCAAs) ϩ CHO ingestion when taken immediately after exercise.
turnover during exercise and the underlying mechanistic events remain to be elucidated, especially for reticulophagy.
Training and autophagy. The role of autophagy in skeletal muscle adaptation to chronic exercise has recently been investigated, especially its role in mitochondrial metabolism and during aging. First, Lira et al. (79) observed higher LC3-II/ LC3-I ratio and LC3-II levels and reduced p62 protein level in oxidative muscles of mice, suggesting that basal level of autophagy is more elevated in oxidative muscles (79) . An important point to keep in mind in this study is that endurance training (voluntary running for 4 wk) increased the level of basal autophagy and the BNIP3-related mitophagy axis, in glycolytic muscles, concomitantly to an increase in mitochondrial biogenesis (79) . The oxidative muscles showed only an increase in autophagy protein expression, but without apparent alteration of basal autophagy flux and mitochondrial biogenesis (79) . By using a genetic model of augmented mitochondrial content (i.e., muscle-specific PGC-1␣ transgenic mice), the authors suggested that, in the context of training, the rise in basal autophagy seems to take place when an oxidative phenotype is reached (79) . Thus, the autophagic process may be closely related to the conversion of fibers toward an endurance profile. Consistent with this, Atg6-deficient mice showed a decrease in mitochondrial content along with an attenuation of training-induced improvement in endurance aptitude (79) . Thus, autophagy appears to be an essential pathway for skeletal muscle metabolic adaptation to endurance exercise and improvement in aerobic performance. However, in the latter study, training was also able to induce an increase in MHC2a expression, indicating that autophagy is not the only process explaining all of the adaptations to endurance exercise. The rise in autophagy induced by endurance training was also found in another study in which the authors showed that exercise partially counterbalanced the chloroquine-induced inhibition of autophagic flux (62) . In sarcopenia, chronic exercise also enhances basal autophagy (72) . An attenuation of the autophagy machinery takes place over the course of aging, especially the Beclin-1, Atg7, LC3-II, and LAMP2a levels in both oxidative and glycolytic muscles (72), suggesting a declining ability to eliminate damaged or inefficient organelles. Importantly, both endurance and resistance training are able to reverse the undesirable effects of sarcopenia on the autophagy regulatory proteins (72, 84) . Similar results have also been reported in older and obese women by Wohlgemuth et al. (152) , who found an increase in mRNA levels of LC3B and Atg7, and a tendency for LAMP2, in response to a 6-mo weight loss program combined with moderate-intensity exercise.
Taken together, these studies highlight the likelihood that the autophagy machinery is modulated in response to training (Fig. 3) and mediates the beneficial effects on muscle homeostasis over the course of aging, suggesting promising perspectives in the area of sports medicine. Other studies are needed to determine the optimal training modality to bring about such adaptations in both athletes and patients.
Summary and Future Perspectives
Over the past several years, significant advances have been made in uncovering the molecular mechanisms underlying skeletal muscle protein turnover in response to exercise, especially the autophagic and mitochondrial turnover pathways that had long been forgotten in this tissue. Autophagy appears to be an essential process to support muscle plasticity in response to exercise. From a general point of view, the autophagy process is necessary to ensure exercise-induced metabolic effects, and potentially health benefits of regular exercise. In acute conditions, although resistance exercise preferentially stimulates protein breakdown by E3 ligases and proteasome system, endurance exercise and the autophagy pathway appear to be closely linked. A single bout of endurance exercise can affect protein turnover markers, especially indexes of autophagic flux when the exercise duration is sufficient, and these adaptations seem to be dependent on the training level. An important point is that autophagy modulation by exercise is linked to the nutritional status since autophagic sensors are modulated by amino acid and glucose availability. In this way, autophagy response is more important when exercise is conducted in the fasted state. Chronic exercise affects the basal level of the autophagy system by increasing the transcription of several Atgs and potentially autophagic flux, especially if the adaptive changes aimed at the generation of oxidative phenotype are ongoing.
However, further studies are needed to better understand the physiological functions of autophagy during exercise, especially the possible involvement of mitophagy and other forms of specific autophagy, like ribophagy and reticulophagy, in training adaptations. As exercise-induced mitophagy could be linked to a better mitochondrial turnover and an improvement of resistance to oxidative stress, we can speculate that ribophagy and reticulophagy could be involved in a better translation efficiency in trained subjects. Nevertheless, additional work is required to confirm these potential roles. These research axes have to be extended to aging models since aging shows a decline in housekeeping and cleaning mechanisms, leading to an accumulation of undesirable components. From a methodological point of view, the mitophagy pathway has been studied only with the quantification of mRNA or protein markers, and this is not sufficient to confirm whether or not this process is really activated during exercise. Also, the numerous descriptive studies on protein turnover and autophagy do not differentiate flux from the proteasome vs. that of the lysosome. Further studies need to be encouraged to clarify the part of each system in protein breakdown in the context of exercise. Another important perspective will be to improve our knowledge on the impact of ergogenic aids on the timing and level of autophagy, since it is now recognized that autophagy flux can be impacted by the nutritional status.
A better comprehension of the exercise-induced adaptive mechanisms in skeletal muscle is important for the training of athletes, and it would also enhance our understanding of disease etiology. With regard to the last point, we also believe it is vital to determine the impact of different training methods because exercise constitutes the best approach to improving or maintaining functional capacities.
